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The OPTICAL BENCH 


by N.W. Edmund and Sam Brown 


AN OPTICAL bench is any bed or track on which lenses and other 
optical parts can be mounted for experiments, testing or demonstra- 
tions. Such a piece of equipment can be made in a thousand different 
ways and may cost anything from 50¢ to many hundreds of dollars. 
The various lenses used are mounted in lens holders of some kind, 
and it is this one item--the lens holder--which more or less deter- 
mines the convenience and cost of the whole setup. 


SIMPLEST CONSTRUCTION, The simplest bench is one to be used 
with a suitable assortment of lenses, all of which are the same diam- 
eter, This permits the use oftubular holders made of plastic or metal 
tubing, Fig. 2, while the bench itself can be a vee or any other form 
of two-point support, as shown in Fig, 1,A to Е. For a suitable "kit' 
of lenses, you might choose "eloge-up'' lenses, 41mm (1.61")diameter. 

You will quickly note two construction faults, First, the bench is 
too low and must be raised an additional 12 to 15 inches to provide a 
comfortable sighting level for a person seatedor standing, Even worse 
is the scant clearance between your face and the bench, making it 
difficult and uncomfortable to look through a lens setup except from 
the one good position directly behind the bench, 

The too-low bench is readily corrected by placing the low bench 
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on а box or other support, Alternately, you can 
build а high bench right from the start, a typical 
design being as shown in Fig, 3, However, the 
fault of scant eye clearance remains, Common 
to every lens bench above toy grade is a col- 
limator, This useful piece of equipment gives 
you the equivalent of a distant target right at 
the bench, The one shown in Fig. 3 nestles in 
its own separate bed, The collimator itself-- 
lens, light and tube--can be built for about $4, 


) HOBBY OPTICAL BENCH, Fig. 4 shows a 
simple type of manufactured optical bench with 
adjustable lens holders, Other features include 
а target plate, and a sliding reversible leg with 
а first surface mirror to be used for auto- 
collimation (see page 10). Thetargetis convert- 
ed to a collimator by placing any achromat in 
front of it at one focallength, testingthe spacing 
by auto-collimation, 

The bed of the hobby opticalbenchisa meter 
Stick, 40 inches long, It is somewhat light and 
shaky, also too low, all of which can be corrected 
by additional construction, Fig. 5, Lens holders 
can be purchased separately for mounting on 
your own bench, Fig. 6, or, you can make your 
own non-adjustable holders of wood to fit the 
meterstick or other monorail bed, Fig. 7. 


TALL LENS HOLDERS, The scant eye clearance 
о? ize tubular type of lens holder is avoided by 
maxing tall holders of plywood, Fig. 8, Although 
non-aciustable for height, this style is com- 
fortable то use and has merit in easy, low-cost 
construction, When you discard the tubular 
| holder, tte 2-роіпі support of the vee bed is of 
no value, and may be replaced by a simple flat 
bed with one guide rail, as shown, The plywood 
lighthouse can be turned to put any of its four 
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If you draw a circle and set off 
the radius aroundthe circumfer- 
ance, the angle so enclosed will 
be 1 radian, It can be seen that 
if 1 radian equals one radius, 
then,1/10 radian, for example, 
will be 1/10 of the radius, Using 
this idea, you can work most 
problems concerning slender 
angles without using trig tables, 
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sides toward thetest setup, meaning you can have 
as many as four different targets. 


HOMEMADE COLLIMATORS, A collimator lens 
is something like atelescope objective--the big- 
ger the better, About 3 in, diameter and 24 in, 
#.1. is a good size, suitable for some tests on 
telescopes as large as 6-inch aperture, However, 
any smaller achromat is satisfactory for most 
operations, Usually you will want the target to 
be something more sophisticated than a plain 
crossline, and the common choice is a target 
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with angular scale and 1/10 radian circle. Rules 
for making and using this target are given in 
Fig. 9. The target is drawn with black ink on 
white paper; it is taped to a piece of glass, as 
shown. 

Light from any distant object reaches your 
eye in parallel bundles, Inthe same manner, light 
emerges from the collimator in parallel bundles, 
as shown at A, B and C, Fig. 9, producing the 
same effect as a distant target. All of the light 
is in parallel bundles, but the whole light cone 
is spreading, diverging, In other words, parailel 
light does not mean quite the same thing as a 
parallel "beam of light," . 

Various military collimators are available at 
bargain prices from time to time; the many in- 
expensive collimator gunsights are essentially 
collimators and are easily adapted for bench use, 
as shown in Figs, 10, 11, and12, The unit shown 
is especially good for measuring the focal length 
of eyepieces, 


ADJUSTABLE LENS HOLDERS, One common 
kind of adjustable lens holder is based on the 
tongue-and-groove principle, Fig. 10. You know 
very well the slides will be either too loose or 
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too tight at times, but with a little wetting or 
waxing when needed, this kind of lens holder 
works fairly well, If the slide action becomes 
hopeless, you can add positive tension with a 
tension bar, as shown in Fig. 13, It can be seen 
this idea would work nearly as well on a simple 
plywood frame, Fig, 14, eliminating the groove 
entirely, However, the plywood frame does not 
automatically hold the vee blocks ina horizontal 
level position; a shallow rabbet at the ends of 
the vee blocks would correct this, 

Simple and practical lens holders can be 
made of plastic or metal channel molding, Fig. 
15, The specific product shown is Reynolds 1/2 
in, wide aluminum channel; it isa simple matter 
to squeeze or hammer the molding to grip 3/8 
in. plywood vee blocks. 

For something a little better, the idea of 
having the vee blocks siide up and down on а rod 
is a favorite seen on many amateur and profes- 
sional lens benches, In Fig. 16 design, the lower 
vee block is permanently attached to the rod, 
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while the rod itself slides in the base. The rod 
may be clamped if needed by means of a thumb 
Screw tapped into the side grain of the wood 
base, as shown, The top hold-down is a strip of 
springy plastic or metal; it will stay put when 
you press it down on top of the lens, 

The more common vee block-on-a-rod has 
ihe vee block sliding on the rod, Fig. 16A, This 
style is a trifle less convenient to center, but 
the advantage is small, The width can be in- 
creased to handle bigger lenses, Fig. 16B, The 
optical centerline is specified at 4-1/4~in, which 
is a good standard, permitting plenty of room 
for the side of your face above the surface of 
the bench, The top of the left-hand rod is your 
guide for centering the lens in the holder--the 
center of the lens should be approximately level 
with the top of the rod, Needlessto say, the col- 
limator and ail other bench fixtures must have 
the same optical centerline, 

The job of centering the lens іп the lens holder 
is easier and more exact with the vee blocks 
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working on a cross slide, as shown in Fig. 17, 
The slides are a free slide fit in the channel 
molding, the slight tension needed to hold the 
lens being supplied by the two rubber bands, 

Fig. 18 shows a useful variation of the vee 
block-on-a-rod construction, with a handwheel 
added for adjustable height, A pair ofthese sup- 
ports will handle tube assemblies and complete 
telescopes, A single unit is useful for holding a 
measuring magnifier, providing the up~and-down 
movement often needed to put the desiredreticle 
scale in line with the exit pupil or other aperture 
or part you are measuring, А top hold-down can 
be added if desired, Also, it will be apparent a 
handwheel could be added to any ofthethree Fig. 
16 designs. 


BENCH INSTALLATION, Any low optical bench 
must be raised an additional 12 to 15 inches to 
put the optical centerline at a height of about 4 
ft. above the floor, This level is comfortable for 
а person seated, and requires only a slight stoop 
if you are standing. The needed elevation canbe 
obtained with а couple wood or even cardboard 
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boxes, If you want something better, a narrow 
cabinet can be made to rest on top of a bench or 
table. This can have shelves, drawers, etc, as 
desired, A cabinet of this kind provides space to 
fold the light path of along focal length collimator 
lens, using a good quality first surface mirror, 
А benchinstalled on a wall shelfis entirely prac- 
tical and costs very little to install, For such 
installation the bench should have the collimator 
at the left as you face it, assuming the eye you 
use for monocular vision is the right one, Toa 
lesser extent, this item about right-eyed or left- 
eyed should be kept in mind when making any 
installation, 


USEFUL ACCESSORIES, Ofthe useful accessor- 
ies shown below, the measuring magnifier is of 
first importance and the adjustable iris second, 
Two iris diaphragms are a convenience, The 
auxiliary telescope is often useful and is easily 
made from surplus achromats--a typical design 
is shown on page 22. А lensgageis a luxury you 
can do without, although at times a great help, 
especially if you use the diopter system. 
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FINDING the focal length of а lens or eyepiece is such a frequent operation 
that special instruments are used solely for this purpose. Such а unit is the 
vertical collimator shown in Figs. 1 and 2, It is the same military gunsight 
described on a previous page, the only difference being the vertical mount- 
ing. The vertical orientation has the useful feature that any lens or eyepiece 
you want to check is simply placed on the level stage--no lens holder is 
needed. The measuring magnifier, also, is supportedona level shelf, as can 
be seen in Fig. 1. The shelf can be covered with a piece of ground glass or 
tracing paper, butitisalsopracticalto sight through the open hole, Normally 
ihe measuring scale is the magnifier reticle, but if desired you can make 
your own scale on tracing paper, which is then read with an ordinary mag- 
nifying glass. If you do not use a ground glass to pick up the target image, 
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it is doubly important to have the measuring 
magnifier properly adjusted in focus for your 
eyes to avoid parallax, 

In use, the movable shelf supporting the 
magnifier is racked up or down until you see 
the 1/10 radian collimator circle sharply in 
focus, superimposed on the reticle of the mag- 
nifier, The diameter of the target image is then 
read on the scale to the nearest .005 inch, What- 
ever the reading, you multiply it by 10to get the 
focal length of the lens being tested, Since the 
вса1е on the average measuring magnifier is 
„5 inch long, it means you can measure lenses 
io 5 inches focal length, For longer lenses, you 
can read half the diameter and then multiply 
by 2, 


TRANSFER TUBE, When you use à measuring 
magnifier, the reticle must be in contact with 
the work or an image of the work, Sometimes 
this is not physically possible, in which case you 
can "get in" with а transfer tube, Fig, 3. The 
focal length of negative lenses can be determined 
with this useful accessory, 

A suitable transfer lens is 25 x 95 mm., ав 
shown in Fig, 3, In its tube it forms a close- 
range telescope, Such an instrument has an exit 
pupil, and, because the object (the transfer lens) 
is relatively close, the eye relief will be long, 
It is about 1-1/2 inches for the example shown, 
Other transfer lenses can be used, keeping in 
mind: а reduction of f.l. will increase the eye 
relief, and this in turn will reduce the field, 
possibly to the extent of cutting off the ends of 
the reticle scale, 


Make sure the transfer tube is in proper 
adjustment by measuring any small target, 
using a tracing paper screenifdesiredtoassure 
yourself there is no parallax, The disk of 
tracing paper can be attached to the magnifier 
reticle with a few dabs of rubber cement, The 
whole idea, of course, is that the image must 
be exactly the same size as the target object, 
This is controlled by the space between the 
lens and the magnifier--once you get it right 
the adjustment is permanent, 

A negative lens is measured for f.l, in the 
same manner as a positive lens, the only dif- 
ference being the image transfer, The transfer 
tube is placed on the collimator shelf over the 
hole, The measuring magnifier is seated at 
the opposite end of the transfer tube, with or 
without a tracing paper screen, Then, as before, 
you rack the shelf up and down until the col- 
limator target is seen sharply in focus, As be- 
fore, a reading of the target image diameter 
will reveal the focal length of the lens being 
tested, You can test lenses to a little less than 
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two focal lengths of the transfer lens used, і, e., 
about 7 in, for the example shown, Longer 
negative lenses will rack the shelf into the 
collimator stage, Outward rack movement is 
needed for very short f.l. negative lenses, the 
range being to near zero, 

For both positive and negative lenses, the 
"focal collimator" method with 1/10 radian 
target as just described is the fastest and 
most convenient way to determine focal length, 
It is especially good for short f.i. lenses, 
either singly or in lens systems, such as eye- 
pieces, The accuracy is good, with errors no 
greater than 2 or 3 percent of the focal length, 
Try it with a few lenses or eyepieces of known 
focal length to convince yourself--compare with 
other methods shown on the following pages. 
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FOCAL LENGTH BY IMAGE DIAMETER, This is the 
collimator and measuring magnifier method described 
on previous pages, When the collimator constant is 
made 10, then the f.l, of any lens being tested is 10 
times the image diameter. Other collimator constants 
are sometimes used, In any case, the collimator con- 
stant is equal to the 1.1. of collimator lens divided hy 
the diameter of the collimator target, Example: If your 
collimator lens is 8-1/2 inches f.l. and you make the 
target 1/2 inch diameter, the collimator constant will 
be 8.5 divided by .5,is 17. Itis apparent the odd number 
multiplier is less convenient than 10. 


Е. Г. FROM FOCAL PLANE DISTANCE, Well-known 
is the sunlight test, where you focus the sun's image 
to the smallest possible size. Then, the distance from 
the image to the lens is the 1.1. of the lens. Indoors, 
you get parallel light like sunlight from a collimator, 
and the test proceeds as usual, Tracing paper makes 
a good receiving screen. The ІЛ, measurement is 
made (approximately) from the screen to the center of 
the lens thickness. If the lens is over 1-1/2 in, diam- 
eter, itis best to stop itdowna bit with a metal washer 
or cardboard ring to obtain a sharper image, 


AUTO-COLLIMATION, This term is used to describe 
any optical system where light is directed through the 
system and then returned by the samepath, It has many 
applications, In the setup shown, the targetis an opaque 
material in which is cut a small hole. The target also 
serves as a screen and should be white on the side 
facing away from the light, An ordinary flat mirror is 
held behind the lens being tested, When the lens is the 
proper distance from the target, it will form a sharp 
image of the target hole on the target itself, as shown, 
This method is useful for setting or checking the posi- 
tion of a collimator target, which must be exactly one 
1.1. from the lens, 


OBJECT-IMAGE CALCULATION, There are numerous 
ways of finding the focal length of a lens from other 
data which is known or can be determined, One basic 
method is the relation between object distance andimage 
distance, In making this setup on the lens bench, it is 
convenient to make the image distance 10 inches, using 
a “setting stick" if you do the operation frequently. 
The image is then found by trial andthe image distance 
from lens is measured, The simple formula will then 
reveal the focal length, It can be seen the figure 10 
for object distance simplifies the math work а little, 


Е. 1. FROM LENS MOVEMENT. This method makes 
use of the relation between projection magnification 
and focal length, The target is a piece of opaque 
cardboard with two small holes spaced 1 inch apart, 
as shown, The eyepiece or lens to be tested is moved 
along the bench to form a 2x image, that is, the image 
of the holes will be sharp and 2 inches apart, Then, 
marking the lens position and leaving both target and 
image screens in same position, you move the lens 
toward the screen to form a 1/2x image, as shown 
in second step. The simple formula then reveals the 
focal length, 


NEGATIVE LENSES 


SPOT TEST, A ‘negative lens does not produce a real 
image, However, the light (sunlight or parallel light 
from a collimator) can be passed through two small 
(1/16") round or square holes cut in a cardboard disk 
which is placed over the lens, You move the disk 
closer or farther from the screen to make the pro- 
jected spots appear exactly twice as far apart as their 
spacing on the cardboard disk, When this has been 
done, the distance from lens to screen is the focal 
length of the negative lens, Ifyoutest with a collimator, 
the light should be at least 25-watt, 


GALILEAN TELESCOPE, The spacing between lenses 
of a Galilean telescope in focus is equal to the f.l. of 
the first lens (the objective), minus the f.l. of the 
second lens (the eyepiece), Knowing this little bit of 
optical know-how, you can set up a telescope on the 
optical bench and so determine the 4,1, of the negative 
lens eyepiece, An auxiliary telescope (see page 22) 
will give you an exact focus independent of any re- 
fractive error in your eyes. 


2x BARLOW SETUP. Most telescope nuts understand 
the optics of the Barlow lens, as used to increase the 
power of a telescope, If you set up for 2x Barlow 
magnification, the distance from the negative lens 
to the final image is the same asthe f.l, of the negative 
lens, Make the setup on the optical bench with colli- 
mator, as shown, By adjusting the negative lens and 
screen to form an exact 2ximage, youknow the distance 
from screen to lens is the f,1, of the negative lens. 


DUPLET CALCULATION, Second only to the measuring 
magnifier with transfer lens, the direct calculation of 
negative lens 41, in a duplet is perhaps the most use- 
ful. What you do here is combine a positive lens of 
known focal length with a negative lens of unknown 
focal length, the combination being positive, capable 
of forming а real image, You will know you have a 
positive combination if it functions as а sim»le mag- 
nifier--if not, use a positive lens of shorter focal 
length, The e.f.l. of the combination can be determined 
Бу any method used to find the f.l. of a positive lens, 
Knowing the e.f.l. of the combination and the f.l, of the 
positive lens, it is easy to calculate the #1, of the 
negative element, 
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PRINCIPAL PLANES 


KNOWING the f.l. of & lens is often incomplete data 
because you do not know from what part of the lens or 
lens system the focal length is measured. The two 
principal planes of a lens are imaginary planes from 
which the focal length is measured, PPl is associated 
with the object side of the lens or any measurement in 
the object space, while PP2 refers to the image side. 
The PP!s of simple lenses can be located close enough 
by eye, as shown in the diagrams, Most useful is the 
fact that one of the principal planes of a plano~convex 
lens is always at the vertex of the curved surface; this 
is true regardless of type of glass or glass thickness, 
Most simple lenses are so thin that one "principal 
plane" at the center of the glass thickness is accurate 
enough for most measurements, 


CALCULATING THE PP's, If you are making up any 
two-lens combination or duplet, the PP's of the com- 
bined lenses can be easily calculated, When both lenses 
are identical, the PPs will be symmetrical, as in the 
example shown, See also page 33. The PP's of a duplet 
are usually "crossed" as shown, If you are drawing 
light rays, you go from the object to РРІ, then parallel 
with axis to PP2 (backtracking) and then from PP2 to 
the corresponding part of the image, The general idea 
is that you treat the combined lenses as one thick lens 
with two measuring planes, If the lens system is an 
eyepiece used as an eyepiece, the object viewed is the 
image formed by the objective, This is located at one 
£l. from РР!. 


PP's BY 1x MAGNIFICATION, Usually you will 
know the #1, of an eyepiece ‘ог other lens system, 
but the PP's will be unknown, They are easily lo- 
cated with a bench setup similar to the drawing. 
The general idea is to juggle the eyepiece and 
sereen back and forth until the image on screen is in 
sharp focus and exactly the same size as the target. 
This is 1x spacing, indicating the PP's are located 
two focal lengths from the object and image, The lens 
bench data is transferred to a full-size outline diagram 
ой the eyepiece, If desired, the PP's can be marked 
lightly with a scriber on the eyepiece itself 


PP!s WITH COLLIMATOR, Ifyou put an eyepiecein front 
ofa collimator, the eyepiece will form an image of the 
collimator target at exactly one focal length ofthe eye- 
piece, So, if you measure back one 1,1, from the image 
you will locate PP2, as in first diagram below, Turning 
the eyepiece around willlocste PPlinthe same manner, 
This may be complicated by the fact the image plane is 
inside the lens barrels the use ofatracing paper screen 
on a short tube will let you reach in to the image, 


COLLIMATOR MAGE 


CONVEX and CONCAVE MIRRORS 


FOCAL PLANE DISTANCE. Like a positive lens, 
positive mirror forms an image of a distant object at 
one focal length, You can use a real object if desired, 
providing it is truly "distant" (at least 50 #.1.). More 
often, а collimator provides the distant target, The 
receiving screen for the image can be a piece of thin 
white cardboard taped or tacked to the front of the 
collimator, It can cover part of the lens. You move the 
mirror back and forth to get the sharpest possible 
image, using a magnuifying glass if needed, Then, the 
distance from mirror to image is the focal length, 


a 


IMAGE DIAMETER, If you are using a 1/10 radian 
circle as a collimator target, the diameter ofthe target 
image will be 1/10 of the focal length, Since most 
mirrors are rather long f.l.,theimage can be measured 
with an ordinary ruler, as shown, 


CLOSE TARGET, The receiving screen can be either 
tracing or white paper; it should be in the same plane 
as the target, In the setup shown, you move the screen 
for sharpest image. Then, the distance from screen to 
mirror is exactly TWO focal lengths, 


THICK MIRROR, One common way to find the f.l. of a 
negative mirror is to combine it with a positive lens 
to make a positive combination, The positive combo 
can be tested like any positive mirror, After you get 
fl. of the combination, the 1,1. of the mirror is easily 
calculated, 


Я 


RADIUS OF CURVATURE, First, set up any positive 
lens to make an image of a close target at some con- 
siderable distance, as shown in diagram at bottom 
right, Then, without moving the lens or screen, locate 
the mirror in such а position as to form an image of 
the target on the target itself, as shown, Measure from 
mirror to original lens image to get mirror radius, 
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The LENSES You Use 


YOU CAN do most optical experiments and build working models of 
common optical instruments with a "ей" of 6 to 10 lenses, Most of 
the lenses are converging or positive; all are simple lenses made 
of a single piece of glass, The focal lengths are non-critical--you 
need a long focal length for a telescope objective, but "long" can be 
anything from 8 inches to 60 inches, Atypical 7-lens demonstration 
set is shown in Fig, 3, and diagrams, Fig, 4, show instruments you 
can make with these or similar lenses. 


SPECTACLE LENSES, The lenses used for eyeglasses are readily 
available and are quite satisfactory for experiments andinstrument 
use, The lenses are commonly meniscus shape with one standard 
surface of fixed curvature, usually 3-1/2in, radius, The f.l, range 
in inches is from 2 in, to 320inches, Supplementary close-up lens- 
es used in photography are similar but usually with a longer stand- 
ard curve of about 5 in, radius. Nos. 1 through 6 diopters are com- 
monly available; shorter focal lengths are usually double convex 
Shape, 


THE DIOPTER SYSTEM, Spectacle and close-up lenses have the 
f.l, measured in diopters rather than linear inches or millimeters, 
This is а "power' system, that is, а lens is rated by its refractive 
power instead of its focal length, The power of a lens is the recip- 
rocal of its focal length, Assume you have а lens of 20 in, focal 
length, The reciprocal of this is 1/20, whichis „05, the power of the 
lens, When the focal length is given in inches, the power rating Нав 
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no particular name, but if the focal length is 
given in meters, then, the power unit is the 
Diopter, Since one meter is approximately 40 
inches long, the same 20 іп, f,1, lens mentioned 
has a focal length of half a meter, which in dec- 
imal notation is .5 meter, If you write this as a 
reciprocal, you get 1/.5, which is 2, which is 
Specifically 2 diopters, the power of the lens, 
The Plus 1, Plus 2, etc. designation used for 
close-up lenses indicate the diopter power al- 
though this fact is rarely mentioned, The "Plus," 
of course, means apositivelens, The common set 
of supplementary close-up lenses consisting of 
Nos, 1, 2, 3 and 4 quickly get more understand- 
able labels of 40, 20, 13 and 10 inches focal 
length, Spectacle and similar meniscus lenses 
have а f.l, tolerance of 1/16 diopter, This is а 
tight tolerance for lenses above 10D., but it be- 
comes generous with low D. numbers, being 
about 1/2 inch for 2D and over an inch for 1 
diopter, Hence, the approximate inch equivalent 
of the dioptric power is used for most applica- 
tions and calculations, since the exact conversion 
would be voided by the tolerance, 


SHAPE SET. A "shape" set of demonstration 
lenses contains one each of the six standard 


DIOPTERS = 
[ O- мм inae | D. [мм] Td 


4000| 160 |15748 = 444 Kan БЕТ] 


80 |1924 


Е-Ә2ж. 


POS-NEG COMBO 
INCREASES E.F.L 


Millimeter = Inches 


| б. мм Ыз ег 
50 | 200 


+= 8'wes. 


WAVE THE 
POS-NEG =] PAIRED LENSES 
PAIR 15 MF BACK and FORTH. 
LIKE A [E THE OBJECT 
Eoi " bier ga DOES NOT Қ j 
OVE, THE TWO 
OF GLASS р fae THE 


Dy 


» POS-NEG PAIR 
[L^ OF SAME F.L. 


MATCHING 


LENSES 


shapes, Fig. 5. Usually the lenses are all of the 
same 1,1, This allows you to match a positive with 
a negative, an operation sometimes useful in 
actual work when you do not know the f.l. ofa 
negative lens, Looking through the combined 
lenses held in contact, you know you have а match 
if the object viewed looks same size and does 
not move, 

You might think the "all same focal length" 
shape set does not contain the desirable long and 
short focallengths neededto demonstrate instru- 
ments, However, you can easily put two lenses 
together, and with various spacings, obtain a 
variety of focal lengths, Well-known is the fact 
that two positive lenses of the same focallength 
will produce a combo with halfthe f.l. of a single 
lens, Less known is. the factthatapos-neg com- 
bination will have an e.f.l. greater than a single 
lens, A pos-neg system of this kind is alsoa 
telephoto or Barlow case (see Case 5, page 35) 
and can be calculated for focal length and mag- 
nification by the various Case 5 equations, 


SMALL MIRRORS, One way of obtaining small 
positive or negative mirrors is to buy simple 
lenses of suitable focal length and have them 
silvered on first or second surface as desired, 
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A CLOSE target for use on the lens bench can 
consist of a tracing paper grid taped over a hole 
іп a plywood lighthouse, as shown іп Fig.1, The 
grid oflines should be some convenient size--1/4 
or 1/2-inch, Theimage formed by the lens can be 
picked up on another piece of tracing paper, If 
you measure the size of the grid squares on the 
image, you can find the linear magnification, 
Linear magnification compares the physical size 
of the image with the physical size ofthe object, 


ANGULAR MAGNIFICATION, Angular M, is a 
comparison of angles, as can be seen in Fig, 2, 
It is the kind of magnification used to specify 
all see-through optical instruments, such as 
telescopes and microscopes, The finalimage you 
see is virtual, that is, the image seems to exist 
because you can see it, butitisnot a real image 
you can capture on a tracing paper screenor on 
film, A positive lens used as asimple magnifier 
is the commonest example of a virtual image 
formed by an optical instrument, In atelescope, 
there is a real image in the focal plane of the 
objective, but the eyepiece views this as a simple 
magnifier, making the final image a virtual опе, 
In optical theory, you should see avirtualimage 
at infinity, but the actual distance is usually 10 
to 40-inches, 


BENCH SETUPS WITH A SINGLE LENS, The 
most common object-image situation is the 
single positive lens with the object at some 
distance more than one 4,1, butless than infinity. 
This ів a Case 1 situation, Fig. 4 is a diagram 
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greater or less distance 
depending onhow you want 
to use it, 300 focallengths 
is usually long enough, 
If in doubt, make the cal- 
culation shown to deter- 
mine ifthe image distance 
is over one 1,1, by ап ex- 
cessive amount, 
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of a Case 1 setup, with the object more than two 
focal lengths from the lens, By this condition, 
the image will be smaller than the object, When 
the object is exactly two focal lengths from the 
lens, you get unity magnification or 1х, as 
shown in Fig, 5. If you push the lens closer to 
the object, you begin to get actual magnification 
of the image, as shown іп Fig. 6. If you continue 
to push the lens closer to the object, the image 
will become larger and larger and will also be 
a greater and greater distance from the lens, 
reaching the ultimate limit when the object is 
at one focal length, Fig, 7, In this situation, 
and also for the opposite situation where the 
object is at infinity, the various math formulas 
become useless for the simple reason "infinity" 
means any great distance--it is not something 
you can label for every situation, But if you 
move the lens a hair in either direction, you 
bave a setup which can be calculated, 

An interesting feature of Case 1 is iis 
reversibility, If you make a lens setup like 
Fig. 4, you can switch to the setup shown in 
Fig. 6 by merely moving the lens, ihe object 
and image remaining in the same position, 
This feature is shown again in Fig. 8, where 
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it can be seen one position gives less than unity 
M, while the other position is greater than unity, 
each being the reciprocal of the other, This is 
one of the basic systems used in zoom lenses, 
The whole magnification range from low to high 
is the square of the high-power magnification, 
In Fig, 8, the whole М. is 2x times 2x equals 
4x--ihe high-power is four times the low-power, 


CASE 2, When the object is closer than one 
focal length from the lens, you have a Case 2 
situation, as shown in Fig, 9, The lens bench 
will fail you here because the image is virtual; 
you can see it plain enough but you can't capture 
the image to locate its exact position, However, 
the math work for this is quite simple, Тһе com- 
mon magnifying glass is the best example of 
Case 2, although the same situation occurs in 
many other optical systems. 


TWO POSITIVE LENSES, A positive lens is а 
converging lens, When two positive lenses are 
used, it is apparent that both will act to con- 
verge the light rays, The resultisa combination 
of shorter focal length than the longer of the 
two lenses, Assuming а distance object, the 
primary image will form at one focal length, 
Fig. 12. If you are using a 1/10 radian target, 
the image of this will be exactly 1/10 of the 
focal length, Now, if you want some shorter 1,1. 
by using a second lens, all you have to do is 
put the lens in place and move it back and forth 
until the collimator target image is 1/10 of the 
desired focal length, In the example, Fig, 13, 
the combination is made 10 in, е,#,1, 

The magnification factor of the second lens 
is independent of ihe first lens--you can apply 
the same setup to any other front lens and it 
will do its thing in the same manner, the only 
condition being that the first lens must form 


the primary image at the established position, 
Any magnification factor can be specified, but 
in no case can you actually increase the mag- 
nification, that is, it must always be some M, 
less than unity, such as 1/2x or 1/3x or 3/4x, 
etc, The simple calculations are shown in Fig. 
11 and may be used to supplement the actual 
bench setup. 


CASE 5, Case 5 concerns ihe negative lens of 
а positive-negative combination, the negative 
lens being the second lens in the system, The 
negative lens in Case 5 is often called a Barlow 
lens from its use as an amplifying lens ina 
telescope system; the second lens in Case 4 is 
sometimes called a Bertrand lens from its 
application in a microscope system, 

The Barlow lens is an amplifier, the range 
being. from slightly over 1х, up to as high as 
you care to go. The system is exceptionally 
compact, as can be seenin Fig, 14 sample where 
an increase of 2 in, in physical length gives 20 
additional inches focal length, Like Case 4, you 
can check and test most Case 5 setups on the 
optical bench, Like Case 4, the second lens with 
iis spacing is an independent system which can 
be used interchangeably with any front lens, 
Exactly the same equations apply to a similar 
System done with mirrors; the Cassegrain 
telescope is а well-known example, 

When iocated about halfway between first 
lens and final image, the Barlow lens presents 
the minimum illuminated face to the light cone, 
This position is sometimes used or favored 
io minimize the aberrations of a simple lens 
Barlow, You can easily find the spacing for 
this condition with a lens bench test, or it can 
be calculated like Fig. 16 example. 

When а Barlow lensis morethanonef.l. from 
the primary image, you have a Case 6 situation. 
The final image is virtual and to the left, This 
system is sometimes used for magnifiers. 


f/value of a LENS 


The f/value of a lens is the ratio 
of clear aperture to focal length, 
It is assumed that the objectis fair- 
ly distant--at least 30 times the 
focal length. For close objects, the 
image distance will exceed f.l, In 
Such case, the effective f/value is 
based on the image distance, 
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Instruments 


TELESCOPES are idealinstruments for demonstration onthe optical 
bench by using a collimator to supply the needed distant target, For 
convenience, the collimator target should be an angular scale with 
1/10 radian circle, as described on other pages, To determine the 
true angular field of any telescope, you simply count the degree 
marks you can see when looking through the instrument, Fig. 3. 

The simplest telescope makes use of just two lenses, separated 
by a distance equal to the sum of their focal lengths, The image 
forms in the focal plane of the objective and is then viewed by the 
eyepiece which acts as a simple magnifier. 

Fig. 1 shows a simple astro telescope, while Fig. 4 shows how 
it looks on the optical bench, The exit pupil is a picture of the ob- 
jective formed by the eyepiece; as a calculation it is an easy Case 
1 problem, Of course the lens bench allows you to junk all of the 
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arithmetic if desired since everything you need to know can be ob- 
tained directly from the bench setup, 

The final design of the sample instrument, Fig. 5, has the field 
slightly reduced by a field stop. placed at the focal plane. In most 
telescopes, 50% illumination at edge of field is adequate and stand- 
ard, You are assured this lighting if you can pass the principal ray 
(through center of objective)through the instrument, A fullsize scale 
drawing is probably the best way to visualize the performance of 
individual light rays. The bench setup is a little weak in this respect 
since if you get even a glimmer from edge of field, you will probably 
say the field is fully iliuminated, The explanation and reason for 
50% lighting at edge of fieldisthatyour eyes are self-compensating, 
being much more sensitive to light in this area, 


TWO-LENS EYEPIECE. Put apositivelens ofany focal length in the 
image plane of the sampletelescope.You will note it does notchange 
the power of thetelescopeatall,butit pulls in the exit pupil, Fig. 7. 
If you remove the eye lens, you can locate the position of the exit 
pupil formed by the field lens alone, Fig. 6. From this data you сап 
make a complete light ray diagram, If you like, you can also get 
this data by math, as shown in Fig. 8, Keep in mind you are no 
longer concerned with a telescope as such, but simply want to find 
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the image of an object, which in this case is the 
objective lens of the telescope, Its image is the 
exit pupil, 


RAMSDEN EYEPIECE, This most-common eye- 
piece consists of two identical plano-convex 
lenses with curved sides facing. Other lens 
shapes are quite satisfactory for low-power in- 
struments, On the lens bench, you can make а 
Ramsden for the sample scope by using another 
Plus 10 close-up lens as a field lens, Fig. 9. 
Commonly this is a little larger than the eye 
lens, as shown, although same-size lenses are 
favored for simplest construction, As before, 
with field lens in the plane of the image, there 
is no change in the power ofthetelescope. How- 
ever, you gain field, while the eye relief isa 
comfortable 3/4 inch, The lens spacing is one- 
half the sum ofthe focallengths ofthe two lenses, 
а condition which gives nearly complete cor- 
rection for lateral color. However, you have 
some uncorrected lateral color from the simple 
lens objective, and this is visible, faint but dis- 
cernible, showing as a fringe around the black 
lines of the collimator target, blue on one side 
and red on the other, 

In short focal lengths, the 1-1-1 Ramsden 


2/х Auxiliary Telescope 


Practically everyone focuses a telescope "іп" a 
little more than needed, making the emergent light 
divergent instead of parallel, In particular a myope 
without his glasses may focus "in" as much as an 
inch from normal, This does not hurt the optical 
performance, but it does change the lens spacing, 
One simple solution is the auxiliary telescope, 
This is focused on a distant target or collimator, 
and the focus is fixed, When you use the auxiliary 
behind any other telescope, you are forced tofocus 
the telescope being tested for emergent parallel 
light because the auxiliary scope is set for that 
condition, 


becomes impractical because the eye relief is 
too short. To gain eye relief, the spacing is 
decreased to about 2/3 the f.l. of one lens of the 
pair. Fig. 10 shows a low-power example where 
the increased eye relief would have nomerit, Аз 
can be seen, the image moves out in front of the 
field lens, and the fieldlensitselfis out-of-focus 
and so does not show dust marks onits surface, 
The closer lens spacing produces some lateral 
color but it is not excessive, 


HUYGENS EYEPIECE, Christian Huygens de- 
signed the first two-lens eyepiece about 1650. 
That it is still around and very much in use is 
proof enough it is a good eyepiece, With lens 


‘spacing one-half of the sum of the two lenses, 


the Huygenian is free of lateral color, Properly 
designed, it is free of coma, Its weakness is an 
excessive amount of sphericalaberration, nearly 
five times more than the Ramsden, Since S. A, is 
compounded by a low f/number, the Huygens is 
rarely used for f/numbersunder f/8. Incidental- 
ly, an eyepiece has no f/rating of its own since 
it always takes on the same value asthe objective 
it is used with, 

The standard Huygens has a field lens twoto 
three times the focal length of the eye lens, the 
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creased eye relief, Fig, 11 shows a low-power 
telescope with a Huygens eyepiece of low ratio. 
As can be seen, the image is betweenthe lenses, 
which is a unique feature of the Huygens, With a 
higher ratio, the image moves toward the eye 
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lens, as can be seen in Fig. 12, The final image Y THE FACTOR ACTUALLY INVOLVED IS THE Е=4" (Fe) Р 
coincides with the focal plane of the eye lens, Е ЕЕ LENGTHS ОЕ EYEPIECE Fa 


From this known fact you can calculate the pri- IMAGEN, 
mary, virtual image plane, using Case 4, No, 6 (4) GENERAL Rules -nu 7 
equation. RATIO 2 
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GALILEAN TELESCOPE, A Galilean telescope cR ol LE op Raro 2 EL" 
uses a negalive lens for an eyepiece, the in- Е.Ғ..ДЕ,)----14 2 А 
strument being somewhat like a long-range STOP POSITION- IN ВАРАМ) MIDUIAY 
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magnifying glass, The image is erect, The fa- 
miliar bright spot of the exit pupil behind the 
eye lens is missing, Instead, the image of the 
objective formed by the eye lens is a virtual 
image inside the instrument, This is where you 
should put your eye, but sincethisisimpossible, 
all you can do is squeeze your eye close to the 
eyepiece to capture as much field as possible, 

Fig, 15 is a sample Galilean; you can make 
hundreds of other designs from available lenses, 
Usually the eyepiece is much shorter 1,1, than 
the sample shown. To obtain maximum field, the 
objective of a Galilean telescope must have a 
large diameter compared to its focallength, F/3 
achromats are often used for quality instru- 
ments, The sample design is about f/13, and so 
is rather small field from the start, Ав usual for 
alltelescopes, the true fieldisthe apparent field 


Numerical Aperture 


М.А. is to а microscope objective what 
f/number is to a photo objective. A high 
N.A. number has the same significance ав 
а low f/number--both indicate a lens with 
a relative large aperture compared to its 
focallength, The N.À, numbers are fairly 
well established in the same manner as 
f/15 is the standard for refracting tele- 
Scope objectives, but departures from the 
standard N,À, numbers listed are common, 
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divided by the magnification, You can easily 
duplicate Fig, 16 diagram and so determine the 
apparent and true fields of any design, Tech- 
nically, the eye itself is the aperture stop for the 
Galilean, which means the entrance pupil is the 
image of the eye formed by the objective, 


TELEPHOTO LENS, With closer spacing the 
optical system of the Galilean telescope be- 
comes a telephoto lens, Fig. 18 shows a simple 
sample, The main feature of any telephoto lens 
is that its equivalent or effective focal length is 
greater than its physical length, 

This is an easy system to design or set up. 
For a math solution, it is Case 5--the specific 
equations you are likely to use are repeated in 
Fig. 19, It is not necessary to calculate the exit 
pupil, but this may be done if desired by the 
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method shown, Like the Galilean telescope, the stronger (shorter f.l.) negative lens ata greater 
exit pupil is a virtual image between the lenses, distance from the primary objective, Fig. 20 
On the optical bench, you can increase the tele- illustrates, 

photo effect, that is, increase the magnification, 

by pushing the negative lens forward, You then BARLOW LENS, The Barlow lensisaparticular 
have to pull the tracing paper screen backto re- form of the telephoto system. Its distinguish- 
capture the image, While commercial telephoto ing feature is that it uses a comparatively short 
lenses are usually close~spaced for compact- fl, negative lens quite close to the primary 
ness, the homemade design usually runs to a image, Fig, 20telephoto lens is actually a Barlow 
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system in а permanent assembly. Fig. 21 shows another use of the 
negative lens in a fixed position, 


THE MICROSCOPE, The microscope works at short range and во is 
different from a telescope whichit resembles, The front lens or ob- 
jective forms a magnified image by simple projection, The eyepiece 
then views the primary image and magnifiesit still more, The total 
magnification is the primary M, multiplied by the eyepiece M, 

Fig, 23 shows a typical demonstration microscope, It is set up 
for Зх primary M., butifyou want more, all you need do is increase 
distance B, The target is а piece of halftone screen from any mag- 
azine or newspaper. In addition, you make twopencil marks 1/4 in, 
apart on the target, as can be seen in Fig. 24, The idea, of course, 


END 
OBJECTIVE зоа рии. лоо >f 22" 
Е=(,5 CLOSE-UP LENS 


(4" F.L.) IN PLANE 
OF IMAGE 


CORE BY > 


E Др LENS 
ALONE _ 


MIS 
AN EVEN WIDER 
FIELD COULD BE ~ 
COVERED BY FIELD LENS -Y 


-.. BUÍ LIGHT RAYS WOULD MISS EYE LENS 
(@5) FIELD LENS INCREASES FIELO and SHORTENS EYE RELIEF 


COMPARE 
WITH 21.23 


э, PAR, 
Б-Р 


26 


ОВ. Е, СТІМЕ 
РЕН” such as омихо ло. 20-862 
29283» Achromat in Сей 


AP” BS oum 


PRINCIPAL RAY [rom 


EDGE OF dii 


THE Зх PRIMARY 


Fie. 23 MIGKOSCOPE "SEO oe M. 


ERECTOR 
LENS, 
F= iz 


EYEPIECE 
F22" 


FIRST 


OBJECTIVE 
IMAGE 9505 


(@1) 12.5х TERRESTRIAL TELESCOPE with 2° FIELD 


is that if you want 3x primary M,, you juggle the 
spacing as needed until the image on the tracing 
paper screen is dead sharp and exactly 3/4 in, 
between the two lines. The eye lensis then put in 
place to complete the setup, You will note fast 
enough that the eye relief is too long, and the 
field of view rather small, The remedy is the 
same as for a telescope--you use a field lens, 
Fig. 25. The 4 іп, f.l, shown is a bit too long, 
but you can see it makes an improvement, 

The math work for a microscope is cover- 
ed in Fig. 22. The common standard for the 
"optical tube length" is 160 mm, but there are 
departures from this, Commercial objectives 
are usually power-rated on the basis of a 160 
mm, focal length is power-reted 160/16, is 10x, 
On the other hand, it may be an objective for а 
"student" microscope with, say, 127 mm, optical 
iube, in which case it would be power-rated 
127/16, is 8x, The only sure thing about this 
muddie is that every manufacturer understands 
mm, optical tube, Example: An objective of 16 
his own system. Microscope objectives are often 
used for other purposes, and in such case it is 
a good idea to check the actual focal length, 

The exit pupil forms behind the eyepiece 
just like a telescope, but its diameter isnot ге- 
lated to the power of the optical system, 


MARGINAL RAY from 
CENTER OF FIELD 
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TERRESTRIAL TELESCOPE, If you add a second 
objective to а microscope you get a terrestrial 
telescope, Fig. 26. The original microscope ob- 
jective now becomes an erecting and amplifying 
lens for the telescope, Like the demo micro- 
scope, you will find the eye relief long and the 
field small, and as before, the solutionis a field 
lens, This time you make it shorter f.l. to get а 
short but comfortable eye relief of 1 inch. As 
shown in Fig. 27, the fieldlensislocated а little 
ahead of the image plane. This costs a little in 
reduced power, but compensations arethe wider 
field and clearer image, the field lens surface 
being out of focus, You can also use a Ramsden 
eyepiece if desired, in which case the image 
will be in front of the field lens. 

If you are drawing a diagram like Fig. 27, 
you find the exit pupil for the field lens alone, 
and this tells the path of the light rays. You can 
do-and-see this on the bench, using а tracing 
paper screen to pick up the EP, or, you can work 
it out with simple math, Note in the diagrams 
how the erector lens itself forms ап image of 
the objective, This image is called the objective 
stop, The objective stop then becomes the object 
for following lenses; the distance from eyepiece 
to objective stop is what you considerindesign- 
ing a suitable Huygens eyepiece, 
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MEASURING c3 
MAGNIFIER 


COLLIMATOR TELLS FOCAL LENGTH, A collimator 
with 1/10 radian target will tell the focal length of any 
lens or eyepiece, The same procedure applies to com- 
plete microscopes and other lens assemblies, Thetele- 
scope is an exception, As already described on other 
pages, you simply get a sharp image of the collimator 
target on a tracing paper screen and then measure the 
diameter of the image in thousandths-of-an-inch with a 
measuring magnifier, This figure--times 10--15 the 
f.l. of the lens or instrument, Ideal equipment for this 
test is the vertical collimator described on other pages; 


COLLIMATOR GIVES DIRECT READING OF E.F.L. use it with a piece of tracing paper under the measur- 
2 ] CMM кеңес ing magnifier for best illumination, 
16 A Ms COLLI READING ] The example at left is an Edmund achromatic Barlow 
50415 of 1,83 inch 11, combined with Edmund No, 5223 eyepiece 
of 28mm focal length, With the Barlow lens at lower end 
of the Barlow tube, theimage reads .040 inch, indicating 
an e,f,l, of 4/10 inch for the combination. 

For low-power microscopes, the table converts e.f.1, 
to magnifying power, Ц will be noted that hi-power 
microscopes require critical reading of theimage size; 
the reading can be made more accurately with a meas- 
uring microscope used in the same manner as а meas- 
uring magnifier, 
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MEASURING 
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THE EXIT PUPIL, Use a measuring magnifier to find 
\ ihe exact diameter of the exit pupil. This simple орега- 
IRIS -7 Vs tion applied to a reflecting telescope is shown at left, . 

; If, while doing this, you anchor your little finger on the 
THE 


eyepiece, as shown, you can then measure the eye re- 
DIAMETER BY 34" MASKING " y 
AP \ 4 


lief with a ruler, An instrument known as а dynameter, 
Fig. D, does the job in one operation, 

MEASURING You can find the magnifying power of a telescope by 
MAGNIFIER dividing the diameter of the objective by the diameter of 
the exit pupil, It is common and sensible practice to 
use something less than full objective diameter, For 
example, an iris diaphragm set at l-inch may be used, 
as shown, or, you can use a strip of masking tape as at 
C, In each case, the small separation from the objective 
Surface itself will not change the exit pupil reading. A 
pair of dividers set at 1 inch provides another popular 
target for making this test. 


U5. МАМУ Моде! 
OYNAMETER READS Е.Р. Dia, and. EYE RELIEF 


Find the exact focal plane beforehand by focusing the REFLECTOR 
moor on a tracing paper screen at the end of ше focus- TARGET RETICLE 18 
ing tube, The same screen with а few random ink marks 1.45 DESIRED. 4)! 


will provide a simple reticle. А large pinhole in metal 2-1 BOTTLE САР with TWO 


В p -— HOLES shown 
(shown) gives stronger illumination, Of course the scope < 


is ideal for а small pinhole (artificial star), For a focal 
collimator, the best you can do is 1/40 radian, which 
is a 1-1/8-inch circle for a 45 in. f.l. objective (1/40 
times 45). Since the target is 1/40 radian, the constant 
multiplier to be applied to the image size is 40. 
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PARALLEL LIGHT RAYS PASSING THRU 
CENTER ZONE OF А LENS OR MIRROR 
ESTABLISH THE FOCAL PLANE and F.L. 


DISTANT 
TARGET~ 
а. medium 
Pinhole 


IF MARGINAL RAYS FOCUS CLOSER ТО 
LENS, THE LENS (OR MIRROR) IS 


SPHERICALLY UNDER-CORRECTE D. 


FOR A DISTANT TARGET, ALL SIMPLE 
POSITIVE LENSES and. MIRRORS 
HAVE UNDER-CORRECTED S.A. 


SPHERICAL ABERRATION, When spherical aberration 
is pronounced, it is readily determined and demonstrat- 
ed with a simple zone test. The test is usually made 
with a collimator with any black-on-white target, The 
drawing above shows the setup. To isolate the center 
zone of the lens, you can use aniris diaphragm. The 
edge zone mask is made from cardboard, exposing a 
narrow rim of the lens about 1/8 in, wide, Both zones 
are carefully focused, using a magnifier to view the 
image on tracing paper or ground glass screen, The dif- 
ference in the two image planes is the amount of S.A, It 
is positive or under-corrected if the edge rays focus 
short, as shown inthe example, Further refinements can 
be made in the number of masks used and the size of the 
zone exposed for testing. 

Eyepiece Test. Spherical aberration in a telescope 
can be detected by looking at apinhole target, No masks 
are used, The target pinhole can be either open-air or 
by collimator, its diameter several times larger than 
for the similar "star" test described later, As shown 
in the lower diagram at right, a lens free of S.A, will 
produce а small bright image at best focus, Inside or 
outside best focus, the image will be expanded and 
grayer, but its appearance will be substantially the same 
in either position, If there is spherical aberration, the 
center of image is brighter on one side of best focus 
while the edge is brighter on the other side, This test 
tells only if Б.А. is present, but not how much, 


STAR TEST, This is the same general idea as the eye- 
piece test just described, except the pinhole is made 
small enough to simulate the performance of a real 
star, This makes the test much more sensitive, What 
you See is a diffraction pattern consisting of a bright 
disk surrounded by one or more rings, А collimator 
provides a convenient setup, but it needs a very tiny 
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DIFFRACTION RING With SHOW ONLY 
(Е PINHOLE TARGET /S SMALL 


ERFECT LENS 
РЕВ, no S.A. 


and expensive (if purchased) pinhole, plus brilliant 
lighting. Most amateurs use an open-air target, 

Tiny pinholes are pricked with a fine needle in alu- 
minum foil backed with a sheet of plastic or glass, You 
can do better work with the needle mounted in a dowel 
stick, Press very lightly and give the dowel handle a 
full turn, First attempts will show holes about ‚005 inch 
diameter when viewed with a measuring magnifier, It 
takes a lot of practice and maybe a little luck to make 
holes smaller than ,001 inch. 

Because the pinhole is small, intense light is ге- 
quired, A simple and practical setup for pinholes ,001 
inch or larger can be made with a slide projector, as 
shown, To put the target somewhere near practical 
infinity, you need at least 60 ft. However, testing at 
20 ft, is possible, although it makes the whole test of 
doubtful value, If you fail to see rings, it is likely your 
pinhole is too large, An easy remedy is to stop down, 
which of course further nullifies the test itself--but 
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you do get to see diffraction rings! 

Normally you have to use a strong eyepiece--1/2in. 
or less--to get enough M, to see the tiny image of the 
pinhole. An alternate is а 4 to 6x auxiliary telescope 
mounted behind a 1 inch eyepiece, If, say, 5х this in- 
creases the magnification 5 times, giving the equivalent 
of 2 1/5 inch eyepiece--and you get comfortable eye re- 
lief, If you stop down to f/32 or greater f/number, the 
pinhole image will be larger, easy to see with a 1 inch 
eyepiece used alone. A low-power microscopeis some- 
times used to view the image, especially in connection 
with a collimator, 

For a starter, it is best toviewa cluster of pinholes 
since this will show variations caused by lightintensity 
as related to hole size, Diagram A, Like the simpler 
eyepiece test, a bright ring inside focus means under- 
corrected S,A,, Diagram В. If the image does a right- 
angle flip as viewed on either side of best focus, you 
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have a plain case of astigmatism, as at C, If the pattern 
is not exactly round, it indicates a tilted objective-- 
specifically, the edge of the objective lens opposite the 
brightest and least expanded part of the image is too 
close to the image. The opposite applies to a mirror 
objective. 

Extra-focal Images, The focusing movement inside 
or outside best focus is usually very short--1/8inch or 
less, With further movement of 1/2 inch or more, you 
can watch the whole process of a diffraction disk being 
born, growing out of a tiny black speck at the center of 
the primary image. This is seen best with а refractor 
since the diagonal mirror of a reflector blocks out the 
center of the diffractionpattern, The extra-focalimages 
are hairy with wide flaring rings. However, the pattern 
remains concentric for a properly centered system; 
also, similar appearance inside and outside means 
freedom from spherical aberration, 


FOUCAULT KNIFE-EDGE TEST, Frenchman Jean 
Bernard Leon Foucault developed this technique in 
1858, since when it has been the No, 1 test method for 
testing mirrors, In this test, light from a pinhole or 
slit at the center of curvature ofthe mirror is received 
directly into the eye, i.e., no еуер1есе15 used. What you 
look at is the face of the mirror itself, which can be 
either silvered or bare glass, The knife-edgeis cut into 
the light beam, and with part of the light cut off in this 
manner, the face of the mirror is seen in a variety of 
shadow patterns, all fairly easy to interpret. The test 
provides an exact numerical value for spherical aber- 
ration, The light source is a weak 6 to 25-watts as 
compared to the powerful mini searchlights needed for 
the star test with artificial star. 

The Foucault test is described in detail in several 
pages of the Edmund book, "АП About Telescopes," 
which should be consulted if you are not familiar with 
the process, 


RESOLUTION TEST, The simplest and perhaps best 
resolution test is done with either a collimator or 
open-air target of ruled lines, What you aim for, of 
course, is Dawes! Limit, and the line screen and view- 
ing distance must be such as to produce the specified 
angle. This data is given in the table below, The target 
itself can be on film, glass or thin paper, illuminated 
from the rear, as shown in the drawing. Keep in mind 
that Dawes' limit is not something you are going to see 
real easy, nice and clear--if you can tell at all you are 
looking at a ruled screen, you're in! You can use any 
eyepiece magnification needed, since the whole idea is 
simply that the image is there at the image plane, For 
terrestrial telescopes and binoculars, a resolution of 
8/A seconds of arc is а common standard; а 7 x 50 
binocular, for example, should show the lines ofa 4- 
second screen, but you will need a 4x auxiliary telescope 
to make the separation, It can be seen the apparent 
field angle will be a mere 28 seconds of are ( 4 times 
7), which your eyes will not be able to resolve, The 4x 
compounding of the magnification will make the apparent 
field nearly 2 minutes, which you should be able to see 
if the objective has done its job, A stronger auxiliary 
scope may be used if desired, 
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Basic Optical MATH 


PERHAPS the two most common problems in 
optical math are (1) the equivalent focal length 
of two lenses, and (2) the position of the image 
produced by a lens or mirror, You can solve 
these and many other problems with the help of 
the simple equations given in Tables 1, 2 and 3. 


EQUIVALENT FOCAL LENGTH, Two or more 
lenses can be put together in various ways to 
form a lens system, The most common case is 
where both lenses are positive, If you study the 
examples in Table 1 you will note that the least 
equivalent focal length is obtained when the air 
space is zero. As might be expected, the e. f, 1, 
increases when the air space is increased, 
reaching a limit when the spacing equals the 
combined focal lengths of the two lenses. This 
particular spacing forms the familiar astro- 
nomical telescope, with an equivalent focallength 
which in infinite. Normally, the spacing of a 
positive duplet is less than the longer ofthe two 
lenses used, Greater spacing willproduce a vir- 
tualimage receding to the left, 

The lenses used in Fig. 1 calculation are Plus 
2 and Plus 4 diopters, items you will find in any 
set of supplementary close-up lenses used for 
photography. Spaced at 5 inches, this combination 
has a focal length of 8 inches, as shown, If you 
have the lenses on hand, it is interesting and 
instructive to see what happens when you vary 
the air space. 


PRINCIPAL PLANES, After you have calculated 
the e.f.l, of а duplet, you are still shy needed 
data to determine the focalplane. Of course, this 
is something you can find instantly if you have 
the lenses set up on the opticalbench. As a math 
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5 = EXA . 10X35 _ 250 " * 
CASE 1-2 ^^ АЕ 555-02 2554 \ 


М= BA = 445 = „4-Х : 
whole M = M of I£ Lens times M of 2% 22. 5x 4 =] 


84 


OBJECT... /5 SUA 


problem, you have to locatethe position of Prin- 
cipal Plane No, 2, this being the reference line 
from which the rear focal plane is measured, 
Table 2 gives the needed formulas which are the 
same for alllens combinations exceptas regards 
the direction in which the measurementis made, 
Fig, 2 works out a sample calculation, this being 
a continuatian of the same setup shownin Fig, 1. 
You now have all the basic data for this particular 
lens system, If desired you can locate the rear 
focal plane by a direct calculation of the back 
focal length, as shown іп Fig. 3 example. 


OBJECT-IMAGE MATH, The four quantities in- 
volved in any object-image calculation are shown 
at the top of Table 3. If you know or can specify 
any two of these, youcan calculate the other two, 
The six standard cases shown will handle prac- 
tically any situation, 

Where two lenses are involved, as for Cases 
4,5, and 6, youhave a choice of method in making 
the calculation, One method is to calculate the 
image position lens-by-lens. In this method, the 
image formed by the firstlens becomes the object 
for the second lens. Fig.4 is а typical example. 
Fig.5 shows the calculation for the same lens 
system, but with a near object. 

Fig.6 shows the alternate method, In this 
method, you calculate the е,11, and PP's of the . 
combined lenses, after which you can treat the 
combination as a single lens with two reference 
planes, It is then a Case l problem, Naturally, 
you get the same answer with either method, With 
a near object, as in this example, it is usually 
simpler to convert the combination to its single 
lens equivalent, 


Same SETUP AS F1G. 5 but OBJECT-IMAGE 


CALCULATION made from PP 


| Џои. CALCULATE 
(6) E.F.L. = 8" Е.Е... and. РР 
THEN..-THE COMBINED 
Бізде "e Tee p LENSES ARE TREATED 
2. AS ONE LENS шты тшо 
MEASURING PLAN, 


MEASURED 
FROM PPI 


IMAGE ——” 


е 1$ MEASURED 
{дл FROM РР2. 
| и 
А= ur s __, 
Met В 
Е - а" 
А = 16" (е-е) 
ЕхА 8 xi6 128 
CASE 1-2. ДІ o—— -. — == =”. шы t 
| САЗЕ 1-2. > AcE Ев l6 
= = B = 16 = THE IMAGE IS SAME 
CASE T Ц & «16 sax (Е) 


TABLE 3 


А... & OBJECT DISTANCE from Lens п 

©... js IMAGE DISTANCE from Lens OBJECT-IMAGE Equations 
F...is FOCAL LENGTH of Lens (THE EQUATIONS ARE ARRANGED FOR SOLUTION BY 
М... 5 Linear MAGNIFICATION SIMPLE ARITHMETIC... MINUS MEANS ОМУ SUBTRACTION) 


CASE 1 | CASE 2. | CASE % | САЗЕ 4 | CASE 5 | CASE 6 


IMAGE FIRST FIRST TIVE NEG. 
opyect LENS imace | "svena омест| OBIECT IMAGE | LENS РМА MAG) NEENS ries АЕ | piest LENS FIRST. 
vai C1 и B | ГА ! ду Ў mox IMAGE (| ГЕМ А 
Р -a T + E і | i» 4 | Spo} | ELM 
^ — Е- LENS КА e 


POSITIVE LENS 

WITH OBJECT АТ 
MORE THAN ONE 
FOCAL LENGTH 
FROM THE LENS 


POSITIVE LENS | NEGATIVE LENS| THE SECONDOF 
WITH OBJECT AT| WITH OBJECT AT | TWO POSITIVE 
LESS THAN ONE | ANY DISTANCE | LENSES WITH 

F.L. FROM LENS VIRTUAL OBJECT 
AT ANY DISTANCE 
TO THE RIGHT 


OF A POS-NEG 
COMBO WITH 
OBJECT AT MORE 


OF A POS-NEG 
COMBINATION 
WITH OBJECT AT 


—— ——À 


Е-А 


ЕХА x x A ў х 
B- ЕХА в=Е -ЕХА |в_ЕХА 


АХБ САХВ АХБ 
dui F= A= Er 


B-A |F^'A*& 


Two Cases: THE IMAGE IS THE IMAGE IS TWO POSITIVE A POS-NEG ЇЕ DISTANCE A 
When А 1$ BETWeen| VIRTUAL, ERECT | VIRTUAL, ERECT LENSES WILL HAVE | COMBO ARRANGED | IN CASE 5 1$ 
Е and. 2F (shown), | ant MAGNIFIED мд. REDUCED A SHORTER E.F.L.| IN THIS MANNER | INCREASED, THE 


B 15 ALWAYS THAN THE FIRST | WILL HAVE AGREATER| FINAL IMAGE WILL 
LESS THAN А LENS USED F.L. THAN FIRST | BE VIRTUAL AND 
and. M 15 ALWAYS ALONE LENS USED ALONE | TO THE LEFT 

LESS THAN 1х THE IMAGE демеді THE SECOND LENS| THIS SYSTEM HAS 


CONVEX . BY THE FIRST LENS| OF THIS COMBO A LONG FRONT 
; $ | BECOMES А VIRTUAL| I$ OFTEN CALLED 
S] ^ at B Р 7 Qu *i 


THE SYSTEM 1$ 
PROJECTION - - THE 
IMAGE IS LARGER 
ТНАМ OBJECT 


When А is МОРЕ 
THAN 2F, B шш. 
BE LESS THAN2F 
and THE IMAGE 


M 15 NEVER LESS 
THAN IX ... 1$ 

GREATEST UJHEN 
OBJECT DISTANCE 


THIS 1S THE er. LENS. NOTE DIS-| “SOMETIMES А. 
QPTICAL SYSTEM MUST USEFUL FEATURE 
BE LESS THAN FOR A LOW-POWER 
ETH 


THAN OBJECT. A MAGNIFIER OR SYSTEM IS SOME NEGATIVE LENS T/VE LENS 
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ALL ABOUT TELESCOPES 


This is the best illustrated and most easily 
understood book about telescopes and astronomy. 
6 books in one! Includes "Telescopes You Can 
Build", "How То Use Your Telescope", "Home- 
built Telescopes", "Telescope Optics", "Рвһоіо- 
graphy With Your Telescope", "Time In Astron- 
omy" plus completely new material on collima- 
tion and adjustment, observing the sky, 192 pages 
plus cover, Мо. 9094 


HOMEBUILT TELESCOPES 

Better than any other book on mirror grinding 
for the amateur, Profusely illustrated, easy to 
understand. Covers grinding stand and stroke, 
forming curve, chamfering, testing, finding focal 
length, correcting techniques, parabolizing, etc. 
...also mechanical construction, 36 pages. 

No. 9066 


PROTOGRAPHY WITH YOUR TELESCOPE 


How to take exciting photos of moon, planets and 
stars; long distance shots of birds, animals, etc. 
through the "big eye" of your telescope, You can 
choose the power! Covers the refractor and re- 
flector аз cameras, using photographic optics, 
mounting camera, auxiliary lenses, etc. plus 
iables on spacing, image sizes, fields, etc. 36 
pages. Most optics available from Edmund Sci- 
entific. No. 9078 


HOW TO USE YOUR TELESCOPE 


À down to earth introduction to astronomical 
telescopes and the stars. In simple language, 
profusely illustrated. Features moon map, 8e- 
lected sky objects, etc. Covers selecting your 
telescope, power, light gathering, field of view, 
telescope performance, what eyepiece is best, 
equatorial mounts, collimation and adjustments, 
About Barlow lenses and power boosters, ob- 
serving and comparing the planets, observing the 
sun, splitting doubles, telescope arithmetic, etc, 
32 pages. No, 9055 


TIME IN ASTRONOMY 


About solar, sidereal, standard time,ete. Valu- 

able charts and easy to understand illustrations. 

Also tells you, in simple terms, other important 

factors about time, How to use telescope setting 

circles and how to adjust an equatorial mount, 
No. 9054 


TELESCOPES YOU CAN BUILD 


How to make 27 different telescopes and 10 use- 

iul accessories. Optical parts available from 

Edmund Scientific, Nineteen astronomical tele- 

scopes from a 1.6" equatorial refractor to 6" 

reflector. Eight terrestrial scopes. 36 pages. 
No. 9065 
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TELESCOPE (РТІ05 


Graphically clear book on optical design covering 
focal length, image-object problems, graphical 
ray tracing, homemade eyepieces and objectives 
(mirrors and lenses) and more. Tables and dia- 
grams, 32 pages. No. 9074 


MOUNTING YOUR TELESCOPES 


Easy-to-read book explains how to mount re- 
flectors and refractors. Illustrations help youto 
see and compare different types of mounts, com- 
ponents, accessories, drives etc, Covers tripods 
vs pedestals, "floating" cradles, homemade 
counterweights. 36 pages including covers. 

No. 9082 


FUN WITH OPTICS 


Dozens of optical projects for young or old, саге- 


fully worked out and diagrammed, How to build: 


telephoto lenses, astrotelescopes, closeup cam- 
era lenses, microscopes, drawing projectors, 
slide viewers, etc. with optics from Edmund. 
32 pages. No, 9050 


HOW TO CONDENSE AND PROJECT LIGHT WITH LENSES 


Explains various projecting systems as they 
apply to photography and other subjects, 29 dia- 
grammatic illustrations show types of project- 


‘ing systems, lamps, condensers, etc, Also dia- 


grams of ray paths, tables of data, Complete 
listing of components for projection. 15 pages. 
No, 9044 


HOW TO BUILD OPAQUE PROJECTORS 

Project magazine pages, photos, drawings, 

charts, etc. in black and white or color. Detailed 

designs for 8 different projectors, 18 pages. 
No. 9314 


ALL ABOUT MAGNIFIERS 

How to make slide viewers, tripod magnifiers, 
jeweler's eyepieces, illuminated magnifiers. 
20 pages. No. 9002 


COLLIMATION AND COLLIMATORS 

Describes all types and covers: angle accuracy, 
tests for flatness, parallelism, alignment, dis- 
placement, tilt, parallax, resolution, azimuth 


(horizontal) angles, etc., plus test hints, Approx. 


50 drawings. 36 pages. No. 9072 


THE SCIENCE OF MOIRÉ PATTERNS 

Written exclusively for Edmund Scientific Co. by 
physicist ani OP artist Dr, Geral Oster of 
Brooklyn's Polytechnic Institute, You need only 
an understanding of high school mathematics to 
enjoy it. Covers through experiments: Moiré 
Patterns in Everyday Life, The Moiré Kit, Seeing 
Moiré with Screens, General Approach, Inter- 
pretating Moiré Patterns in Terms of Projective 
Geometry, etc. 40 pages, 45 illustrations. 

No, 9068 
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EDMUND "HOW TO MAKE ІТ” ILLUSTRATED BOOKLETS 


FIBER OPTICS IDEA BOOK 


Completely illustrated booklet gives over 100 
exciting design and application ideas for fiber 
optics, Whether you're a designer, inventor, 
artist or hobbyist you'll be amazed at the many 
uses of fiber optics, Booklet includes important 
facts about fiber optics plus many excitingideas 
for unusual decorations, uses and gadgets for 
home, school, industry and Science Fair projects. 
No, 8095 

SOLAR HOUSE MODELS 

Demonstrates principles used infull size Thom-* 
авоп homes; includes plans for building working 
model 19" x 16" x 15", Construction kit avail- 
able separately. Covers construction of 5 fuh- 
size homes with sidelights on living in one. 32 
pages. No. 9069 


SOLAR ENERGY AND SOLAR FURNACES 

How to make solar furnace with Fresnellenses. 
Including solar cooking grille, how to fire jewel, 
ry, etc. 14 pages. No. 9053 


ALL ABOUT TELEPHOTO LENSES -— 
Fascinating discussion of telephotography, Build 
several telephoto attachments for use with any 
camera. Compare favorably with commercial 
telephoto attachments, 36 pages, profusely illus- 
trated. No. 8036 


ULTRA CLOSE UP PHOTOGRAPHY 
How to stage and photograph insects, smallani- 
mals, microscopic organisms, miniature 
scenes, 16 pages. No. 9042 
BUILDING A CONDENSER ENLARGER 
Factual, easy-to-follow instructions, 7 illustra- 
tions with dimensions. procedures. 16 pages. 
№. 9038 
“HOW TO BUILD SLIDE PROJECTORS” 
A complete manual in 20 pages covering the 
optics and construction of 35mm slide project- 
ors, Plans include several inexpensive utility 
designs, micro projection, rear projection, and 
overhead slide projector. No. 9014 
EDMUND UNIQUE LIGHTING HANDBOOK 


Every day, new discoveries anddevelopments in 
the Unique Lighting field are hurling out of dis- 
cotheques and light-show houses, bombarding 
interested individuals with bits and pieces of 
"what it's all about". Edmundhas gathered these 
fragments ofinformation and combined them with 
their own ideas and techniques to bring you the 
most comprehensive study on Unique Lighting 
yet published, Covers: black light; strobes; pro- 
jectors; slides; color wheels; screens; coloror- 
gans; mirrors; light boxes; Music Vision; ішті 
movies; light sources; and more, Bound in $ 
11-1/2" duo-tang "add-to" folder, pages алат" 
punched to fit standard loose-leaf binder. Each 
section is on a different color stock for easy ref- 
rence, 106 pages. №.29100 
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